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Abstract
The sustainability of life on the planet depends on the preservation of the existing microbial systems, which constitutes our major ‘‘bio-
logical atmosphere’’. The detection of variations in microbial systems as a result of anthropogenic or natural changes is critical both to
detect and assess risks and to programme speciﬁc interventions. Changes in microbial systems provokes stress, probably altering the
local evolutionary time by changing evolvability (the possibilities of microbes to evolve). Methods should be reﬁned to properly assess
diversity in microbial systems. We propose that such diversity estimations should be done on a multi-hierarchical scale, encompassing
not only organisms, but sub-cellular entities (e.g. chromosomal domains, plasmids, transposons, integrons, genes, gene modules) and
supra-cellular organizations (e.g. clones, populations, communities, ecosystems), applying Hamiltonian criteria of inclusive ﬁtness for the
different ensembles. In any of these entities, we can generally identify, in a fractal manner, constant and variable parts. Variation in these
entities and ensembles is probably both reduced and increased by environmental stress. Because of that, variation in microbial systems
might serve as mirrors or symptoms of the health of the planet.
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Who can explain why one species ranges widely and is
very numerous, and why another allied species has a
narrow range and is rare? Yet these relations are of the
highest importance, for they determine the present wel-
fare, and, as I believe, the future success and modiﬁca-
tion of every inhabitant of this world. (Charles Darwin,
On the Origin of Species, 1859)
The question that we are examining in this short article is as
follows: what are the reasons why environmental stresses,
either natural or anthropogenic, might inﬂuence the evolvabili-
ty of microbial entities? ‘Evolvability’ is the property of any
biological unit to produce genetic variants of itself—either by
mutation, internal recombination, or recombination with
foreign DNA—so that one or more of these variants provides
a direct or indirect ﬁtness advantage over the ancestral biolog-
ical unit. Evolvability is a selectable trait that is deﬁned by rates
of genetic change [1], and is therefore the precondition for
genetic diversiﬁcation and for biological diversity at large.
Biological species result from a diversiﬁcation process. The
notion of species was critical in ascertaining the diversity of
biological beings. In 2007, we commemorated the 300th anni-
versary of the birth of Carolus Linneus, on 23 May 1707. The
basic concept that he applied in establishing the notion of
species (he used the term ‘varieties’) was hierarchical: species
constitute ﬁxed variants within something that remains
constant, the genus. Indeed, the notion of species is a tool to
denote both the units of classiﬁcation and the units of general-
ization, i.e. to establish the fundamental groups of organisms
according to which explanatory and predictive generalizations
can be formulated [2]. This concept constituted the ﬁrst tool
for the systematic estimation of biological diversity.
The Linnean scheme is still used to classify all life forms,
including bacterial organisms. But something seems to be
wrong with the current concept of bacterial species—only
about 5000 prokaryotic species have been described.
Although The Global Biodiversity Assessment Program ‘sus-
pects’ that there are more than a million species of pro-
karyotic organisms, the ﬁgure of 5000 is seemingly
inconsistent with the one million known species of arthro-
pods (with a total number estimated to be in the tens of
millions) and the large number of species of plants
(270 000) that have been described. It is clear that the ana-
tomical diversity of higher animals and plants provides much
more information for classiﬁcation than the stain-based and
biochemical differences among prokaryotes. Curiously, even
with our current ability to detect differences in prokaryotes
by whole genome comparative analysis, in most cases the
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old bacterial ‘species’ remained as ﬁxed as they were in the
pre-genomic era.
Conceptual revision is needed [3–6]. Indeed, the groups
of organisms recognized as bacterial ‘species’ are more con-
sistent with the genus level of classiﬁcation in eukaryote sys-
tematics. As an example, genomic diversity among the
mammal species is much smaller than that among different
Escherichia coli clones. Undoubtedly, if the genomic differ-
ences used for mammal speciation were applied to prokary-
otes, the diversity of bacterial microorganisms would be
much more appreciated. That does not mean that particular
bacterial clades would necessarily be extraordinarily diverse;
for instance, SAR11, an alpha-proteobacterial clade, might
constitute, in some ocean areas, 50% of the total surface
microbial community, and is probably among the most suc-
cessful organisms on earth [7]. What is clear is the impor-
tance of identifying and measuring microbial biodiversity in
order to understand the roles of bacteria. Microorganisms
are critical to basic functions in nature—for human and ani-
mal health, for food supply, for biodegradation, for waste
water treatment, or for biosynthesis of useful compounds.
For example, in nutrient recycling, cyanobacteria constitute
up to 70% of the total phytoplankton mass, and are responsi-
ble for more than 25% of the total free O2, and about an
equivalent proportion of CO2 ﬁxation.
Exploring diversity beyond species
What we conventionally know as the ‘species’ should not be
considered the ultimate unit for exploration and assessment
of diversity in the microbiosphere. Diversity occurs at differ-
ent levels, many of them sub-speciﬁc (e.g. clonal complexes,
clones, plasmids, transposons, integrons, genes, and gene
modules) and many others supra-speciﬁc (e.g. meta-popula-
tions, communities, and ecosystems). We obviously need
comprehensive methods to build an integrated view of multi-
level diversity. One of the main questions in assessing the
utility of the concept of evolvability is how to identify what
speciﬁcally characterizes each one of the sub-speciﬁc or
supra-speciﬁc units, e.g. the ‘clonal species,’ ‘plasmid species,’
‘transposon species,’ ‘integron species,’ or ‘community spe-
cies’. To explore this utility, invoking the law of preservation
of cores is critical.
The law of preservation of cores
According to its original philosophical meaning, a species is
deﬁned by an ensemble of ‘substantial’ properties that are
highly speciﬁc for a particular group of entities and shared by
all of them, while the entities might differ in ‘accidental’ traits.
The presence or absence of accidental traits does not inﬂu-
ence the assignment of an organism to a particular species.
This deﬁnition underlies the concept of an immutable core as
opposed to a variable, accessory set of structures. This con-
cept of species applies to everything that has constant and vari-
able parts. An interesting property of nature is its fractal
nature; that is, organizations are repeated with an identical
scheme among different hierarchical levels. A bacterial species
is deﬁned by bacterial organisms sharing a constant part (the
core genome) but differing by accidental traits (the accessory
or dispensable genome). The core is, at any hierarchical level,
a set of genes sharing a common history [8]. But if we go
below this hierarchical level, even into accidental structures,
we can ﬁnd a constant part and a variable part. There are con-
stant and accessory parts in plasmids, and, in the accessory
parts of plasmids (transposons), we can also ﬁnd core and
accessory parts. Integrons, which might be considered as
accessory parts of transposons, also have core and accessory
sequences (Fig. 1), and the same is true for genes and protein
sequences. The logic of the system is that at any hierarchical
Fig. 1. The law of preservation of cores. Bars correspond to parti-
cular biological genetic elements. In all bars, including the medium-
sized and small ones inserted in the larger ones, there is a gradient
of variability; in the top bar, the part in which the red dominates is
the more preserved part (core). In the second long bar, a medium-
sized bar has been inserted in the variable region; this bar also has a
gradient of variability, being the red-violet part more preserved
(core) than the blue part. In the third long bar (from the top) a new
small bar has been inserted in the middle-sized bar of the preceding
image; this small bar also has a core region (dark violet) and a vari-
able region. The last two long bars illustrates the possibility that the
same elements (medium-sized) or different elements (small ones)
could be inserted into big bars. Note that at any hierarchical level
(hierarchies corresponds to the bar’s size) there is a core (shown
approximately in brackets) and variable regions.
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level, a core is always preserved and, to preserve the core, the
accessory parts are needed. This law of preservation of cores
explains the asymmetry among the relatively frequent micro-
evolutionary events (evolutionary changes occurring among
the accessory structures) and the rare macro-evolutionary
events (evolutionary changes occurring in the cores).
Correspondence between the biological
hierarchy and the hierarchy of the
environment
The existence of cores is explained by the necessity of pre-
serving integrated networks of functions that ensure the ﬁt-
ness of the structure that harbours the core in a particular
environment. That we ﬁnd associated accessory structures
linked to cores should reﬂect increased ﬁtness in sub-environ-
ments. We do not suggest that all information contained
in any accessory sequence necessarily provides an adaptive
advantage. Nevertheless, most accessory elements contain
information of adaptive advantage, or are involved in the
spread of such information by lateral genetic transfer. The
presence of apparently neutral sequences probably reﬂects
the historical physiological background of such elements (the
founder effect), or the remains of old, adaptive functions. In
any case, the genetic ﬁxation of the traits involved in each gain
in an adaptive function should be explained by the increased
ﬁtness in the corresponding environment(s). Because of that,
we could envisage the concept of a ‘hierarchy of environments’
that mirrors the hierarchy in biological variation. To a certain
extent, there should be an ‘environmental species’ corre-
sponding to each ‘biological species’ [9], and the same might
be applied to biological subspecies or clones. The notion of ec-
otypes, groups playing ecologically distinct roles, or the con-
cept of ‘envirome’, i.e. the virtual environment as it can be
deduced from the presumed ecological functions of the gen-
ome, illustrates such correspondence [4,10]. These concepts
are critical to an understanding of the potential effects of envi-
ronmental damage on the microbiosphere. Changing an envi-
ronment means the modiﬁcation of one of these
‘environmental units of selection’ that inﬂuences the persis-
tence of a particular biological variant. As these changes neces-
sarily have ‘up-the-hierarchy’ and ‘down-the-hierarchy’ effects,
even minor changes in the environment might inﬂuence
changes in the genetic composition of a microbial system. The
correspondence between biological hierarchies and environ-
mental hierarchies is illustrated in Fig. 2.
Correspondence of genetic variation and
environmental variation
The recent increase in knowledge of the population biology
of microorganisms, resulting from the wide application of
techniques such as whole genomic sequencing, or multilocus
sequence typing and pulsed-ﬁeld gel electrophoresis typing,
has revealed the hierarchical structure of clonal variation
within bacterial species. In many cases, there is a high diver-
sity of variants (e.g. sequence types in multilocus sequence
typing), but many of them are clustered around a putative
founder clone of further phylogenetic lineages (clonal com-
plexes). A number of clonal complexes are, in turn, clustered
together in higher phylogenetic ‘groups’. In many cases (as
with E. coli, Enterococcus faecium, or Enterococcus faecalis),
such groups are composed of strains that originated in par-
ticular environments (e.g. the intestinal tract of a given mam-
mal) [11]. Such environments are the basic reproductive
environments for such strains. Second-order environments
could explain the existence of clonal complexes, or third-
order environments the bacterial diversity at lower levels.
But even within a particular environment, variants may
occur, as the environment might change in time. Therefore,
different clones peak in frequency at different times, accord-
ing to the which clone ﬁts best in each epoch of a changing
environment. The maintenance of clonal ensembles is
favoured by the asymmetry of ﬁtness abilities in different
clones in different epochs. The metastability of the species at
large is ensured by its internal clonal diversity (eventually
maintained by internal competition) and intermittent clonal
Fig. 2.On the left, a symbolic image of a bacterial species, sharing a
common core (down), that is being diversiﬁed to form individual
clones (or bacterial ecotypes). The environment in which such a spe-
cies is located (right part) has a similar structure; the basic environ-
mental features correspond to the core (basic reproductive
environment); there is a hierarchy of ‘environment ecotypes’ corre-
sponding to each bacterial ecotype.
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ﬁxation. The same is true at every level of the hierarchy;
there is a metastability of ‘plasmid clones,’, ‘transposon
clones,’ or ‘integron clones,’ each of them sharing a common
‘core’ [12,13].
A hierarchical evolutionary structure:
chinese boxes
Owing to the intrinsic complexity of biological systems, the
requirements for adaptive changes should be compatible with
the basic interactive networks governing the physiological
mechanisms of the cell in particular environments. The word
‘mechanism’ recognizes a mechanical interplay between pieces
and, in this sense, evolution should be an engineering process
[3]. Modularization is the basic evolutionary tool that makes
the required adaptive variation compatible with preservation
of the physiological network. Modularization works by the
insertion or replacement of pieces in genetic regions, thereby
ensuring minimal disturbances in the host’s physiology [14].
These regions tend to become multimodular, and the relative
neutrality of such complexes makes them suitable for lateral
genetic transfer. Indeed, this phenomenon is particularly
visible in bacterial plasmids and transposons. On the other
hand, such modular engineering occurs across all hierarchical
levels, creating speciﬁc ‘Chinese box’ or ‘Russian doll’ patterns
of stable (preferential) combinations of bacterial species, phy-
logenetic sub-speciﬁc groups, clones, plasmids, transposons,
insertion sequences, and genes encoding adaptive traits, such
as antibiotic resistance. Assuming a relatively high frequency
of combining events, trans-hierarchical combinations probably
result from the local availability of the different elements
(pieces) in particular locations (local biology), the historical
and local advantage provided by particular combinations, and
the biological cost in ﬁtness of each combination. More
research is needed to understand the interactive pattern of
biological pieces in particular environments (grammar of afﬁni-
ties). It could be useful to have in mind a possible ‘return to
chemistry’ to understand our evolutionary scenario. The
central Michaelis-Menten equation, used to predict the inter-
actions between an enzyme and a substrate, can perhaps be
applied here, at least as a metaphor. It could allow predicting
Vmax, the approximate speed of evolutionary interaction, by
considering S, the approximate local concentration of evolu-
tionary pieces inﬂuencing connectivity, and Km, the approxi-
mate afﬁnity (including historical linkages) of evolutionary
pieces. Knowledge of such types of availabilities and afﬁnities
for genetic elements might enable us in the future to establish
‘chemical-like’ predictions to help understand the evolutionary
trajectories of microorganisms and microbial systems [15].
Trans-hierarchical cooperation and
individuality
The genetic structures of replicating entities, at all hierarchi-
cal levels, beneﬁt greatly from useful functions provided by
genes. A gene providing a useful function immediately
increases the possibility of survival of the platform in which
it is located. Indeed, the platform might include several
advantageous genes, further increasing its biological net
value. If such a platform is acquired by an even higher hierar-
chical structure, the higher structure will increase its own
biological value. Also, every beneﬁt for the higher structure
means a return beneﬁt for the lower hierarchical structures.
At all levels, the fate of every hierarchical unit depends on
the other hierarchical units, higher or lower. Because of this,
trans-hierarchical cooperation tends to be preserved.
A problem arises when a hierarchical unit that contains
a useful (cooperative) sub-hierarchical structure acquires
another structure that potentially reduces the ﬁtness of
the pre-existing one. In that case, the only possibilities
are: (i) creation of a novel structure by recombination,
with a certain risk of incompatibility with other higher or
lower hierarchies, but also with potential beneﬁts; (ii)
modiﬁcation of the higher or lower structures to ﬁt with
the new incoming structure; and (iii) rejection of the new
incoming structure. At certain levels of maintained and
reﬁned hierarchical cooperation, rejection is the best way
out. When any hierarchical structure rejects new incoming
elements, it becomes an individual. Therefore, an individual
is a cohesive whole, a closed system of trans-hierarchical
interactions, and its evolutionary outcomes depend on
multilevel selective events.
Expanding the concept of inclusive ﬁtness
to trans-hierarchical individuals
William D. Hamilton proposed in 1964 the concept of inclu-
sive ﬁtness, referring to the sum of reproductive success of
all individuals in a community, plus the effects that each
individual has on the reproductive activity of its genetic rela-
tions. It becomes clear from the discussions above that the
notion of reproductive ﬁtness applies not only to the individ-
ual bacterial cells, or the clones, but also to any other
replicating unit, including subcellular replicons such as
plasmids or transposons. As noted, increases or decreases in
ﬁtness of subcellular replicons should inﬂuence cellular and
population ﬁtness. In such a perspective, the Hamiltonian
view of inclusive ﬁtness could be applied to trans-hierarchical
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relationships. Mathematical methods could be used to
explore this, but we stress that environmental changes affect
the ﬁtness of complex trans-hierarchical individuals. In a
sense, these trans-hierarchical individuals constitute systems,
and environmental changes necessarily have systemic conse-
quences.
Variation is both reduced and increased by
environmental stress
Environmental stress is produced when a change in the envi-
ronment reaches or surpasses the limits of physiological tol-
erance of the biological unit exposed to it, at any level of the
hierarchy. Stress is transmitted along the hierarchy; for
instance, an environmental change that reduces the ﬁtness of
a particular species might contribute to the selection of one
of the composing clones, and as particular plasmids might be
preferentially linked to a given clone, the plasmid population
will be non-optimally adapted to the selected clone; that is,
the plasmid also reduces its ﬁtness. These cases illustrate
two of the key features of environmental stress considering
as a consequence of its selective effect for a particular type
of genetic variant, comprising those associated with a higher
ﬁtness in the stressful situation. The ﬁrst is that environmen-
tal stresses reduce population’s of genetic variability. The sec-
ond is that sub-selective and possibly peri-selective
environmental stresses increase variability.
But environmental stress is generally heterogeneous in
space; in some areas it will be very high, and its strength will
progressively decrease with distance from the centre. That
means that a central zone of reduction in variation will be
surrounded by a zone of increased variation, from which
mutants better able to cope with environmental stress might
eventually arise. In general, gradients of stressful conditions
should facilitate an increase in genetic diversity [16–18]. Of
course, random environmental changes give rise to gradients
in which a certain pressure to maintain a basic level of diver-
sity occurs [19].
A number of observations illustrate the induction of genetic
variability by stress. Mutation can be considered a stress
response, and the evidence for the existence of various stress-
induced mutagenesis programmes is now overwhelming [20].
In E. coli, there are polymorphic mutation frequencies that
apparently relate to environmental stability. Strains from the
intestinal content of healthy people have reduced mutation
rates in comparison with invasive strains isolated from blood,
or with strains that are multiresistant to antibiotics and that
have been previously exposed to antibiotic stress [21–23].
Pseudomonas aeruginosa strains from chronic infections, sub-
jected to frequent antibiotic and immunological exposure, are
hypermutagenic in comparison to those isolated from acute
infections [24]. Horizontal gene transfer occurs more fre-
quently under stressful conditions [25–27], and such transfer
accelerates genome innovation and variation [28,29]. Recom-
bination occurs more frequently during stress, sensed or not
through the SOS system [29–31].
Evolution of human–bacteria relationships
in a changing environment
Martinez and Baquero have recently summarized [32] 12
major anthropogenic factors that change the environment
and that might shape future interactions between humans
and pathogenic bacteria. I reiterate them here, with small
modiﬁcations: (i) sanitation and hygienic measures, reducing
access of bacteria (both pathogenic and commensal) to
humans; (ii) chemical pollution—including drugs—altering
bacterial biodiversity; (iii) human demographic changes,
including increased mobility, e.g. increasing host contact
with different bacteria; (iv) global environmental changes,
leading, for instance, to changes in geographical localization
of pathogens; (v) increase in the number of hypersuscepti-
ble hosts for infections; (vi) new medical technologies,
opening new opportunities for the development of oppor-
tunistic organisms; (vii) intensive farming, reducing animal
biodiversity and therefore microbial diversity; (viii) expan-
sion of viral diseases, eventually altering host susceptibility;
(ix) new antibiotic and antimicrobial strategies; (x) vaccina-
tion and immunomodulation; (xi) bioterrorism and biologi-
cal warfare; and (xii) science, promoting awareness of
these effects and, possibly, supplying solutions. An impor-
tant part of these solutions should be the continuous
monitoring of the diversity of the evolutionary units, at
any hierarchical level, that shape microbial systems. Sys-
tematic comparison of diversity changes with environmen-
tal changes could lead to the possibility of fulﬁlling one of
the fundamental tasks of biological sciences—the prediction
of evolutionary trajectories [15].
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